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T h i s decomposition i s repeated until, a t t h e lowest l e v e l , t h e d r i v e signals t o t h e r o b o t a c t u a t o r s a r e generated. To accomplish i t s goals, t a s k decomposition modules m u s t o f t e n use i n f o r m a t i o n s t o r e d i n t h e w o r l d model. The purpose o f t h e sensory system i s t o update t h e w o r l d model as rapidly as possible t o keep t h e model i n r e g i s t r a t i o n w i t h t h e p h y s i c a l w o r l d . T h i s paper describes t h e a r c h i t e c t u r e o f t h e e n t i r e c o n t r o l system h i e r a r c h y and how i t can be applied t o space t e l e r o b o t a p p l i c a t i o n s . INTRODUCTION One o f t h e m a j o r d i r e c t i o n s on which t h e r o b o t research community has concentrated i t s e f f o r t s i s concerned w i t h planning
and c o n t r o l l i n g motion. Given a s p e c i f i c task, a m o t i o n plan must be c a l c u l a t e d which meets t h e t a s k requirements.
Then, t h e plan must be executed; t h e r e must be s u f f i c i e n t c o n t r o l f o r t h e r o b o t t o adequately e f f e c t t h e d e s i r e d motion.
T r a j e c t o r i e s a r e o f t e n planned as s t r a i g h t l i n e s i n C a r t e s i a n space [I] .Whitney [ 2 , 3 ] developed t h e r e s o l v e d m o t i o n r a t e c o n t r o l method f o r C a r t e s i a n s t r a i g h t l i n e motions.
Paul [ 4 , 5 , 6 ] used homogeneous coordinate t r a n s f o r m a t i o n s t o describe a t r a j e c t o r y as a function o f t i m e , and T a y l o r [ 7 ] used coordinated j o i n t c o n t r o l over s m a l l segments t o keep t h e t r a j e c t o r y within a s p e c i f i e d d e v i a t i o n o f t h e d e s i r e d s t r a i g h t l i n e t r a j e c t o r y .
While t h e research described above employs a v v kinematic vl
approach t o r o b o t control, another d i r e c t i o n o f r e s e a r c h takes t h e manipulator t v dynamics vv i n t o account i n t h e d e s c r i p t i o n o f r o b o t motion.
The dynamic equations o f m o t i o n a r e described e i t h e r by t h e Lagrangian f o r m u l a t i o n [ 8 ] o r by t h e Newton -Euler equations [ 9 ] .
Algorithms and computer a r c h i t e c t u r e s have been suggested which promise r e a l -t i m e dynamic r o b o t c o n t r o l However, o t h e r sensors a r e o f t e n r e q u i r e d has r e c e n t l y been associated w i t h advanced r o b o t applications.
One o f t h e most i n t e r e s t i n g d i r e c t i o n s i n t h i s research area i s concerned w i t h sensor c o n t r o l l e d robots.
Operating w i t h t h e c o n s t r a i n t s imposed by r e a l -t i m e r o b o t c o n t r o l , e a r l y methods used structured l i g h t and binary images [13, 14, 15, 16] . These approaches, though developed a t d i f f e r e n t i n s t i t u t i o n s , shared many concepts. The c o n t r o l system a r c h i t e c t u r e i s a t h r e e legged hierarchy o f computing modules, s e r v i c e d by a communications system and a common memory. The t a s k decomposition modules p e r f o r m r e a l -t i m e planning and t a s k monitoring functions, and decompose t a s k goals b o t h s p a t i a l l y and temporally. The sensory processing modules f i l t e r , c o r r e l a t e , d e t e c t , and i n t e g r a t e sensory i n f o r m a t i o n over both space and t i m e i n order t o recognize and measure p a t t e r n s , features, objects, events, and r e l a t i o n s h i p s i n t h e e x t e r n a l world. The w o r l d modeling modules answer queries, make predictions, and compute e v a l u a t i o n functions on t h e s t a t e space defined by t h e i n f o r m a t i o n s t o r e d i n common memory. Figure 2 . T h i s w i l l be described i n g r e a t e r d e t a i l i n s e c t i o n 4. M a i n t a i n t h e common memory knowledge base by accepting i n f o r m a t i o n f r o m t h e sensory system.
temporal decomposition ( i n t o sequential a c t i o n s along t h e t i m e l i n e ) and a s p a t i a l decomposition ( i n t o concurrent a c t i o n s by d i f f e r e n t subsystems). Each H module a t each l e v e l c o n s i s t s o f a j o b assignment manager JA, a s e t o f planners P L ( i ) , and a s e t o f executors E X ( i ) . These decompose t h e input t a s k i n t o b o t h s p a t i a l l y and temporally d i s t i n c t subtasks as shown i n

P r o v i d e p r e d i c t i o n s o f expected sensory input t o t h e corresponding G modules, based on t h e s t a t e o f t h e t a s k and estimates o f t h e e x t e r n a l world.
Answer "What is? 
. 3 .
Sensory Processing -G modules ( F i l t e r , I n t e g r a t e , Detect, Measure)
The third l e g o f t h e hierarchy c o n s i s t s o f sensory processing G modules. These recognize p a t t e r n s , d e t e c t events, and f i l t e r and i n t e g r a t e sensory i n f o r m a t i o n over space and t i m e . 
Operator I n t e r f a c e s (Control, Observe, D e f i n e Goals, I n d i c a t e O b j e c t s )
The c o n t r o l a r c h i t e c t u r e defined h e r e has an operator i n t e r f a c e a t each l e v e l i n t h e hierarchy.
The o p e r a t o r i n t e r f a c e provides a means by which human operators, e i t h e r i n t h e space s t a t i o n o r on t h e ground, can observe and supervise t h e t e l e r o b o t . Each l e v e l o f t h e t a s k decomposition h i e r a r c h y provides an i n t e r f a c e where t h e human operator can assume c o n t r o l . The t a s k commands i n t o any l e v e l can be derived e i t h e r f r o m t h e higher l e v e l H module, o r f r o m t h e operator i n t e r f a c e . t r a n s l a t e s t h e same camera through space.
. 4 . 1
Operator C o n t r o l i n t e r f a c e l e v e l s
The operator can e n t e r t h e hierarchy a t any l e v e l . The o p e r a t o r c o n t r o l i n t e r f a c e i n t e r p r e t s t e l e o p e r a t i o n i n t h e f u l l e s t sense: a t e l e o p e r a t o r i s any device which i s c o n t r o l l e d by a human f r o m a remote l o c a t i o n . While t h e master -slave paradigm i s c e r t a i n l y a type o f t e l e o p e r a t i o n , i t does n o t c o n s t i t u t e t h e only form o f man-machine i n t e r a c t i o n .
A t d i f f e r e n t l e v e l s o f t h e hierarchy, the i n t e r f a c e device f o r t h e human may change but t h e fundamental concept o f t e l e o p e r a t i o n i s still preserved. Table 1 i l l u s t r a t e s t h e i n t e r a c t i o n an o p e r a t o r may have a t each l e v e l .
The o p e r a t o r c o n t r o l i n t e r f a c e thus provides mechanisms f o r entering new i n s t r u c t i o n s o r programs i n t o t h e various c o n t r o l modules. This can be used o n -l i n e f o r r e a l -t i m e supervisory c o n t r o l , o r i n a background mode f o r a l t e r i n g autonomous t e l e r o b o t plans b e f o r e autonomous execution reaches t h a t p a r t o f t h e plan.
Operator m o n i t o r i n g i n t e r f a c e s
The operator i n t e r f a c e s a l l o w t h e human t h e o p t i o n o f simply monitoring any l e v e l . 
2.4.3
Sensory processing/world modeling i n t e r f a c e s
The operator i n t e r f a c e may a l s o permit i n t e r a c t i o n w i t h t h e sensory processing and/or world modeling modules.
F o r example, an o p e r a t o r using a video m o n i t o r w i t h a graphics o v e r l a y and a light pen o r j o y s t i c k might p r o v i d e human i n t e r p r e t a t i v e assistance t o t h e vision/world modeling system. The o p e r a t o r might i n t e r a c t i v e l y a s s i s t t h e model matching algorithms by indicating w i t h a light pen which f e a t u r e s i n t h e image
(e.g.
edges, corners) correspond t o those i n a s t o r e d model.
A l t e r n a t i v e l y , an o p e r a t o r could use a j o y s t i c k t o l i n e up a wireframe model w i t h a TV image, e i t h e r i n 2-D o r 3-D.
The o p e r a t o r might e i t h e r move t h e wireframe model so as t o l i n e up with t h e image, o r move t h e camera p o s i t i o n so as t o l i n e up t h e image w i t h t h e model.
Once t h e alignment was n e a r l y c o r r e c t , t h e o p e r a t o r could a l l o w automatic matching algorithms t o complete t h e match, and t r a c k future movements o f t h e image.
2.5. Common Memory 2.5.1. The data structures i n t h e common memory then d e f i n e t h e i n t e r f a c e s between t h e G, M, and H modules.
The operator i n t e r f a c e s a l s o i n t e r a c t w i t h t h e system through common memory. The operator displays simply read t h e v a r i a b l e s they need f r o m t h e l o c a t i o n s i n common memory.
I f t h e operator wishes t o t a k e c o n t r o l o f t h e system, he simply w r i t e s command v a r i a b l e s t o t h e a p p r o p r i a t e l o c a t i o n s i n common memory.
The c o n t r o l modules t h a t read from those l o c a t i o n s need n o t know
whether t h e i r input commands derived f r o m a human operator, o r f r o m t h e next higher l e v e l i n t h e autonomous c o n t r o l hierarchy.
S t a t e Variables
The s t a t e v a r i a b l e s i n common memory a r e t h e system's b e s t e s t i m a t e o f t h e s t a t e o f t h e world, including b o t h t h e e x t e r n a l environment and t h e internal s t a t e o f t h e H, M, and G modules.
Data i n common memory a r e a v a i l a b l e t o a l l modules a t a l l l e v e l s of t h e c o n t r o l system.
The knowledge base i n t h e common memory consists o f t h r e e elements: maps which describe t h e s p a t i a l occupancy o f t h e world, o b j e c t -a t t r i b u t e linked l i s t s , and s t a t e variables.
. LEVELS I N THE CONTROL HIERARCHY
The c o n t r o l system a r c h i t e c t u r e described here f o r t h e such as t h e t r a n s p o r t e r , dual arm manipulators, multifingered grippers, and camera arms. To a l a r g e e x t e n t t h e l e v e l 6 mission plans w i l l be generated o f f l i n e on t h e ground, e i t h e r by human mission planners, o r by automatic o r semiautomatic mission planning methods.
DETAILED STRUCTURE O F THE H MODULES
The H module a t each l e v e l consists o f t h r e e p a r t s as shown i n Figure and computes some e v a l u a t i o n function E F ( s , t t ) on t h e p r e d i c t e d r e s u l t i n g s t a t e o f t h e world. The hypothetical sequence o f a c t i o n s producing t h e b e s t e v a l u a t i o n function EF(s,tt)max i s t h e n selected as t h e plan P S T ( s , t t ) t o be executed by t h e executor EX (s) . I f a l l t h e subtasks i n t h e p l a n P S T ( s , t t ) a r e successfully executed, t h e n t h e g o a l o f t h e o r i g i n a l t a s k w i l l be achieved. The executor operates by s e l e c t i n g a subtask f r o m t h e current queue o f planned subtasks and outputting a subcommand S T X ( s , t )
t o t h e appropriate subordinate H module a t t i m e t.
The E X ( s ) module monitors i t s feedback F B ( s , t ) input i n order t o servo i t s output S T X ( s , t ) t o t h e desired subtask a c t i v i t y .
S T X ( s , t + n ) = E X ( s ) [ P S T ( s , t ) , F B ( s , t ) ]
where n = t h e number o f s t a t e clock periods r e q u i r e d t o compute t h e function E X ( s ) . n t y p i c a l l y equals 1 . The feedback FB(s,t) contains s t a t u s r e p o r t s f r o m t h e H module a t t h e i -1t h l e v e l indicating progress on i t s current task.
CONCLUSION
This paper has described a h i e r a r c h i c a l l y organized c o n t r o l system and has shown how t h i s generic system can be applied t o t e l e r o b o t i c a p p l i c a t i o n s i n space by considering t h e requirements o f a flight t e l e r o b o t i c s e r v i c e r f o r t h e space s t a t i o n .
[ The Handbook o f A r t i f i c i a l I n t e l l i g e n c e , (Los A l t o s , W i l l i a m Kaufman, 1981). specify tasks t o be performed on objects.
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